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Abstract
The long timescale evolution of radiation damage near grain boundaries (GB) in fcc Ni and a Ni-Cr alloy has been investigated.
Molecular Dynamics (MD) combined with the on-the-fly Kinetic Monte Carlo (otf-KMC) has been used to study the evolution of
defects in bulk, ⌃3 and ⌃5 GB systems resulting from 1 keV collision cascades. Results show that both interstitials and vacancies
are attracted to GBs, that vacancy and interstitial clustering is observed in the bulk and vacancy clustering in the GB systems.
1. Introduction
Due to its ability to change the physical properties of materi-
als there have been numerous studies of the e↵ect of radiation
damage on materials. One of the important e↵ects of radiation
on materials is radiation induced segregation (RIS), especially
near grain boundaries (GB), as it can lead to e↵ects such as the
embrittlement of the material. Ni-based alloys represent an in-
teresting class of materials for next generation nuclear power
plants. This is due the presence of  0 phase in Ni-based alloys
which gives them high temperature strength and creep and oxi-
dation resistance.
In recent years computer simulation has become an impor-
tant tool to investigate such problems. MD, for instance, is an
extremely powerful tool to address many problems related to
radiation damage and has given insight into numerous aspects
regarding radiation damage [1, 2]. The limitation of the sim-
ulation time attainable, however, means that the evolution of
radiation damage cannot be simulated over realistic timescales,
which drives the need for other techniques. On-the-fly kinetic
Monte Carlo (otf-KMC) [3, 4, 5, 6] on the other hand allows
modelling of complex systems, as it calculates the barriers at
each step, and allows much longer timescales to be modelled, as
it only follows di↵usion events. Therefore using MD to model
the initial phase of a collision cascade followed by otf-KMC to
model the subsequent di↵usion of defects is an extremely pow-
erful tool for modelling the long time evolution of cascades.
Overall there is a large body of work aimed understanding
the e↵ect of radiation on Ni-based materials especially at grain
boundaries [7]. Microstructure evolution in irradiated austenitic
Fe-Cr-Ni has also been studied [8]. The study of RIS in this
work showed enrichment of Ni and depletion of Cr at grain
boundaries.
In this work we study the di↵usion of vacancies near GBs
and the evolution of defects after 1 keV collision cascades in
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bulk, ⌃3 and ⌃5 GB systems for the fcc Ni and a Ni-Cr binary
alloy.
2. Method
Fcc Ni and a Ni-Cr binary alloy (80 at% Ni 20 at% Cr) have
been studied in this work. The bulk, symmetrical tilt ⌃5 and
⌃3 grain boundaries have been studied for both materials. Sys-
tems modelled contained approximately 55k atoms with peri-
odic boundary conditions in 3 dimensions for the bulk system
and in the plane of GBwith the top few layers fixed on the edges
parallel to the GB for the GB systems. The GB systems were
fully relaxed including allowing translations in the x, y and z
directions to minimize the grain boundary energy. For the GBs
in Ni-Cr, the minimum-energy GB in pure Ni is found first and
then the required percentage of Cr is distributed randomly in the
system. The system is relaxed after that holding GB separations
fixed.
The Mishin 2004 [9] potential has been used to describe Ni-
Ni interactions, The Olsson 2005 [10] potential for Cr-Cr in-
teractions and Giovanni 2010 [11] potential has been used to
represent Ni-Cr interactions. The three potentials have been
splined to the ZBL potential [12] to correctly describe small
atomic separations. The cuto↵ distances used to connect the
pair potential to the spline function and the spline function to
the ZBL potential are: 0.6 Å and 1.2 Å for Ni-Ni, 0.5 Å and 1.2
Å for Cr-Cr, 0.8 Å and 1.95 Å for Ni-Cr potential.
The modelling carried out can be divided to two main stages.
The first stage was modelling collision cascades to the system
and the second stage was modelling the evolution of the defects
that resulted from the first stage.
Collision cascades are initialized by imparting kinetic energy
to an atom, called the primary knock-on atom (PKA), in a cer-
tain direction. An energy of 1 keV was used to perform the
collision cascades. The PKA has been chosen randomly and in
case of the GB the direction of the collision cascades has been
directed towards the GB. The initial collision cascade phase is
Preprint submitted to Proceedings of COSIRES 2012 September 25, 2012
modelled using MD, with a velocity Verlet [13] algorithm used
to evolve the system. The collisions runs for 20 ps with variable
time step depending on the kinetic energy and potential energy
within the system. All collisions cascades in this work were
carried out at 0 K so no thermostat has been applied during the
MD simulations.
Otf-KMC has been used to model the evolution of defects
after collision cascades. The otf-KMC algorithm starts by iden-
tifying defects, which is done by comparing the system after a
collision cascade to the reference system. Once these are identi-
fied, large numbers of searches are initialized to find the unique
saddles points using the Activation and Relaxation Technique
[5, 6]. After finding the approximate saddles, the climbing im-
age nudged elastic band method (CI-NEB) [14] was used to
calculate the barriers for each transition found. The rate of each
transition is calculated using Arrhenius equation (1):
Escape Frequency = v exp( Eb/kbT ) (1)
where v is the transition prefactor and is taken to be 1013 s 1,
kB is Boltzmann constant ant T is the temperature. The temper-
ature for the evolution of the system was taken to be 500 K as
this is representative of what would be found in a next genera-
tion reactor.
A random number is generated between 0 and the sum of the
rates for all transitions and a transition is chosen by stepping all
transitions cumulatively until the random number is exceeded.
The time is accumulated by (2):
Time =   loge(x)
i=NX
i=1
Ratei
(2)
where x is a random number between 0 and 1 and N is the total
number of transitions found at the step. Finally the system is
evolved by the chosen transition and all the processes repeated
again.
3. Results and discussion
We have investigated the migration of the vacancy to the GB,
this has been achieved by creating a vacancy and modelling its
migration using otf-KMC. The vacancy migrates to the GB in
almost all cases with a typical di↵usion barrier for the vacancy
of 0.9 eV. For instance, a vacancy created at distance of 20 Å
from the GB took 0.846 ms to reach the GB and 2.23 µs from
distance of 5 Å. In the cases where the vacancy doesn’t di↵use
to the GB, it di↵used to the fixed boundary conditions and got
trapped.
MD along with otf-KMC has been used to model the evolu-
tion of defects resulting from 1 keV cascades in bulk, ⌃3 and ⌃5
GB systems for both fcc Ni and the Ni-Cr binary alloy. For the
bulk system, a vacancy cluster formed in the system during the
MD phase. During the otf-KMC, there was little change in the
number or location of the defects. This was due to the move-
ment within the vacancy cluster with very low barriers, which
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Figure 1: Evolution of radiation damage in the fcc Ni bulk system, (a) shows
system after MD simulation, (b) after otf-KMC (In all figures sphere is an in-
terstitial and cube is a vacancy).
prevented other transitions happening in the system. We stud-
ied the transitions happened over that time and we found that
these movements within the cluster had barriers of less than 0.2
eV and atoms moved less than 1.5 Å. Furthermore, we studied
the other transitions that could have happened to make sure that
none of the other transitions satisfied these criteria. We blocked
these transitions after which we could see that interstitials are
more mobile than vacancies and lots of recombination between
vacancies and interstitials happened. Figure (1) shows the sys-
tem after the collision cascade containing 42 defects and the
system after the otf-KMC with only 26 defects after 12.53 ns.
For the ⌃3 system the twin boundary, as expected, did not
have a big influence on how defects were distributed in the sys-
tem or their migration. The defects were scattered in the sys-
tem after the collision cascade. During the otf-KMC simula-
tion a number of vacancy-interstitial recombinations happened
in the system, before a vacancy cluster formed which resulted
in the simulation being dominated by vacancy hops in the clus-
ter. After we blocked these very low barriers, with the previous
method explained for the bulk system, more recombinations oc-
curred to leave a system of only 8 defects after 15.2 µs, origi-
nally there were 36 defects after the collision cascade.
The GB in the ⌃5 system has more influence on the distribu-
tion of defects in the system. Defects accumulated at the GB
during the collision cascades, as shown in figure (2(a)). Dur-
ing the otf-KMC the mobility of interstitials was observed to be
much higher than that of the vacancies. A number of defects
annihilated due to recombinations between vacancies and inter-
stitials. The vacancies were found to be attracted to the GB if
they were near the GB. After an otf-KMC time of 4.93 µs 16 re-
combinations had occurred between vacancies and interstitials
as shown in figure(2(b)).
For the bulk alloy system the observed transitions had higher
barriers than those for the pure Ni system. A vacancy cluster
resulted from the collision cascades as was seen for the pure
fcc Ni case. The cluster and a few dumbbells are still present
after running for 11 ms in the otf-KMC, with the results similar
to the pure Ni case.
The twin boundary in the ⌃3 alloy system was found to have
more influence on defects than for the pure Ni system. Figure
(3) shows a snapshot of the system immediately after the colli-
sion cascades and after the otf-KMC. Very little recombination
is seen to occur in the 242 µs simulated and their is a far greater
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accumulation of defects at the GB.
(a) (b)
Figure 2: Evolution of radiation damage in the fcc Ni ⌃5 system, (a) shows the
damage after the MD simulation, (b) after the otf-KMC (In all figures sphere is
an interstitial and cube is a vacancy).
(a) (b)
Figure 3: Evolution of radiation damage in the Ni-Cr ⌃3 system, (a) shows the
damage after the MD simulation, (b) after the otf-KMC (In all figures sphere is
an interstitial and cube is a vacancy).
In the ⌃5 GB alloy system most of the defects accumulated
at the GB. During the otf-KMC simulation vacancies were ob-
served to migrate quickly to the GB, if they were near the GB.
Most defects further away either annihilated by recombination
between vacancies and interstitials or migrated towards the GB.
Figure(4) shows snapshots of the system immediately after the
collisions cascade and after the otf-KMC.
(a) (b)
Figure 4: Evolution of radiation damage in the Ni-Cr ⌃5 system, (a) shows the
damage after the MD simulation, (b) after the otf-KMC (In all figures sphere is
an interstitial and cube is a vacancy).
For the case of ⌃5 GB in the alloy system, we found that
the number of defects increased during the otf-KMC simula-
tion. We investigated this, as one would expect that the number
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Figure 5: The roughening of the GB for the ⌃5 alloy system observed after long
timescale evolution of the radiation damage.
Figure 6: The emission of an interstitial from the GB to combine with vacancy
sitting near the GB (In all figures sphere is an interstitial and cube is a vacancy).
of defects would decrease because of recombinations between
vacancies and interstitials. We extended the coincident site lat-
tices of the top and bottom grains to investigate whether any
roughening happens in the GB during the evolution of the col-
lision cascade. The GB at the start of the simulation is clearly
defined by a plane. Due to the displacement and migration of
atoms sites during the simulation sites that were part of the
top GB become part of the bottom GB, thus the GB can no
longer be defined by a plane. We observed that there was a
large amount of roughening at the GB for this system and the
number of real defects decreased from 306 defects to only 55
defects, as shown in figure (5). Roughening was also observed
for the ⌃5 GB in the pure Ni system but to a smaller extent.
A number of interesting transitions were observed during the
otf-KMC simulations, which illustrate the power of these meth-
ods for the evolution of radiation damage. In agreement with
the work of Bai et al. [15] we observed a number of cases where
interstitials were emitted from the GB to recombine with a va-
cancy sitting near GB. An example of such an event is shown
in figure (6).
A number of transitions involving concerted motions of in-
terstitials were observed in the simulations. These include re-
combinations with vacancies in the bulk, where the vacancy and
interstitial are separated by a few angstroms, for example see
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figure (7(a)). The di↵usion of an interstitial towards a GB as
shown in figure (7(b)) and the di↵usion of interstitials in the
bulk as shown in figure (7(c)).
(a)
(b)
(c)
Figure 7: Examples of concerted movements of interstitials during the otf-KMC
phase of the simulation. (a) shows a long range recombination of a vacancy and
an interstitial, (b) shows the migration of an interstitial to a GB in a single hop
and (c) shows the migration of an interstitial in the bulk (In all figures sphere is
an interstitial and cube is a vacancy).
4. Conclusions
Otf-KMC simulations of the di↵usion of vacancies to GBs
show that in most cases a vacancy is found to be attracted to
the GB and di↵uses towards it with a typical barrier of 0.9 eV.
This was also observed during the simulation of the evolution
of collision cascades near GBs, but it also observed that vacan-
cies that are far enough from GBs have the possibility to form
vacancy clusters.
Results for the bulk systems and the ⌃3 twin boundary were
found to be similar in both pure fcc Ni and the Ni-Cr alloy. In
these cases vacancy clusters were observed to form, which are
relatively immobile. Interstitial di↵usion dominates the motion
of the defects and there are quite a lot of interstitial-vacancy
recombinations that occur during the simulations.
For the ⌃5 GB most of the defects resulting from the colli-
sion cascades were found to accumulate at the GB during the
collision cascade itself. For the defects that are not formed at
the GB a combination of the recombination of interstitials and
vacancies and the di↵usion of these defects to the GBs was ob-
served in most cases. Interstitials are observed to be far more
mobile than vacancies and always were found to do one of these
two things. Vacancies di↵use over a much longer timescale and
were also observed to cluster, when formed far enough away
from the GB. Substantial GB roughening was observed during
the evolution of the radiation damage, particularly in the Ni-Cr
alloy system.
During the otf-KMC simulations numerous concerted mo-
tion transitions occurred, many of which were linked to impor-
tant transitions in the systems. Examples of these include the
emission of an interstitial from the GB to recombine with a va-
cancy sitting in the bulk, with a low barrier comparable to that
of the vacancy migration barrier in the bulk. The ability of the
otf-KMC to capture such events was very important and this
provides insight into moves that need to be included in atomic
KMC and object KMC approaches.
The presence of large vacancy clusters in the simulations
causes the simulations to become less e cient, this is due to
the presence of many low barriers. In this work these were ad-
dressed by blocking these transitions as they did not contribute
to any net translation of the clusters.
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